The growth of Si crystals from a Si-55.3 at%Al melts was investigated with the aim of developing a new Si refining process for SOG-Si production. Si crystals were grown by directional solidification of the Si-Al alloy. The temperature at the bottom of the sample was controlled from 1273 K (the alloy's liquidus temperature) to 1173 K. Bulk Si crystals were successfully obtained in this study, and the crystal growth was found to be controlled by the diffusion of Si in the melt. By controlling the crystal growth conditions, the Al content of the Si crystals could be decreased to the level of the solid solubility of Al in Si; furthermore, other impurity elements could be efficiently removed by this refining method.
Introduction
The growing demand for clean energy has led to an increase in the production of solar cells, particularly polycrystalline Si (poly-Si)-type solar cells. However, off-spec semiconductor-grade Si (SEG-Si), which is used to fabricate poly-Si-type solar cells, is very expensive, and the increasing demand for solar cells has resulted in a shortage of solar grade Si (SOG-Si). In order to ensure a steady supply of SOG-Si, a new process for the metallurgical refining process of SOG-Si using metallurgical-grade Si (MG-Si) has been developed in Japan. 1) However, the cost associated with this refining process must be further reduced to make the process more practical.
At low temperatures, the solid solubilities of most impurities in Si decrease (retrograde solidus curve), indicating that the impurity elements become more thermodynamically unstable.
2) Directional solidification is the most effective method of metallurgical refining; however, because the segregation ratio of the impurities between solid and liquid Si is very small, solidification refining is more effective at low temperatures. Yoshikawa et al. proposed an innovative new refining process a Si-Al alloy whose eutectic point appears at a low temperature of 850 K. 3) In this process, MG-Si is alloyed with Al to obtain a Si-Al melt, and Si is solidified from the melt at a temperature lower than the melting point of Si (1687 K). They showed that this process is suitable for the removal of most of the impurities. In particular, elements such as P and B, which cannot be removed by the conventional directional solidification, can be removed by adopting this process. 4, 5) However, several difficulties were encountered in this process. Si crystals were highly dispersed in the directionally solidified Si-Al alloy and the growth of bulk Si crystals from the Si-Al melts is quite difficult under ordinary solidification conditions.
3) Although acid cleaning was necessarily carried out to remove inter-grains contaminants and to collect the refined Si, the impurity content of the refined Si was higher than the thermodynamically expected value. In particular, the Al content was higher than the solid solubility in Si, probably because of incomplete acid cleaning. Thus it can be expected significant improvement in the impurity removal, if bulk Si crystal is possibly grown in the directional solidification. However, the researches on the crystal growth in the directional solidification are very limited and the solidification conditions have never been systematically studied, in the authors' understanding.
In this study, to investigate the optimum condition for the Si crystal growth, preventing the contamination of refined Si by the melt, we attempted the growth of Si crystals from Si-Al melts and confirmed the purification efficiency of our refining process.
Experimental
Directional solidification was carried out to obtain bulk Si crystals from the Si-Al melt. Figure 1 shows the phase diagram of the Si-Al binary system. 6) Fe, Ti, Al, P, B, and high-purity Si were weighed, placed in the graphite crucible, and melted in the induction furnace in an Ar atmosphere. The synthesized MG-Si and pure Al were also melted in the graphite crucible in the induction furnace in an Ar atmosphere for preparing the Si-Al alloy. In this experiment, directional solidification of a Si-55.3 at% Al melt was achieved in the temperature range of 1173-1273 K. Figure 2 shows the schematic diagram of the experimental apparatus. A SiC electric resistance furnace controlled by a Proportional-Integral-Differential control system was used in this experiment. It was possible to lower down a quartz tube with help of a computer-controlled stepping motor unit. Approximately 1.5 g of the premelted alloy (liquidus temperature: 1273 K) was placed in a dense graphite crucible and inserted into the reaction tube. The cooling rate of the sample was controlled by the lowering velocity and the temperature gradient which was measured before the experiments. During the experiments, the temperature was measured by means of the thermocouple placed near the sample.
Ar gas was purified and dried by passing it over silica gel, magnesium perchlorate, and soda lime and then introduced into the reaction tube. After purging with Ar, the reaction tube was mounted on the stepping motor unit, and the sample was melted by maintaining it at 1323 K for 30 min. Subsequently, the sample was cooled to 1173 K by lowering the reaction tube with the rate of 0.02-0.08 mm/min at a temperature gradient of 1.5-4.0 K/mm. After the experiment, the reaction tube was withdrawn from the furnace and cooled to room temperature. The sample in the graphite crucible was cut to expose its vertical cross section, which was mirror polished, and the shape of the Si crystals and that of the solidification interface were observed.
The contents of Fe, Ti, Al, P, and B in the obtained Si crystals were determined by inductively coupled plasma (ICP) emission spectroscopy.
Results and Discussion
Similar to the previous work, the Si crystals solidified from the Si-Al melt tended to be uniformly distributed in the alloy melt. Under appropriate growth conditions, however, it was found that that bulk Si crystals can be obtained from the Si-Al melt.
Interface morphology and growth rate of Si crystals
We attempted to identify the optimum conditions for the growth of bulk Si crystals from Si-Al melts. In the present study, the growth process of Si crystals was investigated at different cooling rates that were lower those used in conventional directional solidification. Figure 3 shows the vertical cross sections of the samples obtained at various cooling rates and temperature gradients. Si crystals were found to grow near the bottom of the sample. A Si phase was also observed in the upper part of sample referred to as the Si-Al melt, as shown in this figure. A similar phenomenon was observed in the air-cooled Si-Al alloy melt. Therefore, these Si crystals are expected to be precipitated during cooling after the experiment, from the uniform alloy melt. Figure 3 shows the images of samples (a), (b), and (c), which have been obtained at the same temperature gradient but different cooling rates; from this figure, it is clear that as the cooling rate decreases, the interface between the Si crystals, which grow near the bottom of the sample, and the melt (the crystal-melt interface) becomes flatter. The same tendency is observed at high temperature gradients. The solid fractions of samples (c) and (f), in which the crystal-melt interface is flat, could be roughly estimated from the phase diagram of the Si-Al binary system (Fig. 1) . 6) To investigate the growth of the Si crystals, the crystalmelt interfaces were classified as flat, rough, and intermediate. Samples (c) and (f) in Fig. 3 are classified as ''flat'', and bulk Si crystals are obtained from these samples. In the samples classified as ''rough'' ((a) and (d)), the Si crystals and the melt could not be clearly separated. In ''intermediate'' samples ((b) and (e)), large Si crystals are obtained, but these crystals are also mixed with the Si-Al melt.
The growth rates of the Si crystals were calculated from the length of the crystals along the temperature gradient direction during the experiment. The crystal length was measured from the bottom to the top of Si crystal, which was continuously grown from the bottom of the crucible, as shown in Fig. 4 . Figure 5 shows the plot of crystal growth rate vs. temperature gradient for different types of interfaces. Under the assumption that the Si crystal growth is diffusion controlled, the growth rate V (m/s) is expressed as shown below on the basis of the steady-state diffusion equation for Si.
3)
Here, D Si in Si-Al melt , X Si in Si-Al melt , and x denote the diffusion coefficient of Si, Si content at the growth interface, and distance in the crystal growth direction, respectively. In this calculation, the difference between the molar volumes of solid Si and the Si-Al melt is ignored. When the temperature gradient is @T=@x (K/m), eq. (1) is rewritten as eq. (2).
When the temperature gradient is assumed to be constant, the maximum value of @X Si in Si-Al melt =@T is the liquidus slope at the growth temperature corresponding to solidification at the growth interface but not in the melt. increases with the temperature at the growth interface. Hence, the growth rate of the Si crystals should be between the values calculated at 1173 K and 1273 K when the crystal growth is diffusion controlled. The experimental results in Fig. 5 show that the crystal growth in the sample with a flat crystal-melt interface is controlled by the diffusion of Si, and hence, Si diffusion in the melt must be accelerated to achieve high-efficiency Si crystal growth.
Relationship between growth rate of Si crystal and
Al content The analysis results showed that the Al content varied even in the bulk Si crystal. Hence, the relationship between the growth rate of the Si crystal and the Al content was investigated at a constant temperature gradient and cooling rate.
In this experiment, the crystal growth rate was estimated from the sample volume and the duration of the experiment. The length of the Si crystal in the growth direction was calculated from the volume, which was obtained from the phase diagram, and the cross-sectional area the Si crystal. Needless to say, the crystal growth rate increases with an increase in the volume of the sample and a decrease in the cross-sectional area. The growth rate could be controlled by adjusting the initial weight of sample and the inner diameter of the crucible. The temperature gradient and cooling rate were 4.0 K/mm and 0.08 K/min, respectively. The solidification temperature ranged from 1273 K to 1173 K. Figure 6 shows the plot of Al content vs. crystal growth rate. The Al content decreases with a decrease in the crystal growth rate. The Al content of the sample in which the growth rate is 0.00193 mm/min is 232 ppmw; this value is the same level as the solid solubility of Al in solid Si (260 ppmw at 1273 K and 160 ppmw at 1173 K). 7) These results indicate the possible entrapment of the Si-Al melt in the Si crystals, which was not confirmed from the optical observations on the cross section of the sample. This entrapment can be prevented by controlling the growth rate of the Si crystals reported in Section 3.1.
Purification efficiency
The impurity contents of the synthesized MG-Si and refined Si obtained in the present experiment and Yoshikawa et al.'s study are reported in Tables 1 and 2 ; the removal fraction is defined as the ratio of the impurity contents of refined Si and the synthesized MG-Si. Because of sample size limitations and the low detection limit of the ICP analysis, the impurity contents of the synthesized MG-Si in our sample were adjusted to be higher than that of the general MG-Si. As mentioned above, the Al content of the crystals could be decreased to the level of the solid solubility by controlling the crystal growth rate. In this experiment, the removal fractions of both P and B were more or less 90%, and these results agreed with the expected values calculated from their segregation coefficients of these elements between solid Si and the Si-Al melt. The removal fractions of Fe and Ti were more than 99%, and this confirmed the high purification efficiency of this process.
To compare our results with those reported by Yoshikawa et al., we consider the difference between the temperature ranges during the solidification in the two studies. They solidified the Si-Al melt by decreasing the temperature from 1273 K to a lower temperature than the eutectic point of the Si-Al alloy (850 K). Solidification refining is expected to be more effective at lower temperature. In addition, the removal of B is accelerated by the formation of TiB 2 during solidification at low temperatures, and this is attributed to the decrease in the B content.
8) The removal of B was more effective in their refining test because of the lower solidification temperature. For these reasons, the removal ratios of P and B in this study are lower than those reported by Yoshikawa et al. The Fe and Ti contents are expected to be undetectable because of their very small segregation coefficients of these elements. They concluded that the reason for the inefficient removal of Fe and Ti was insufficient acid cleaning, which was carried out to separate the purified Si from the solidified alloy. However, the Al content of our Si crystals indicated that unintended entrapment of the Si-Al alloy in the crystal. Therefore, it may be needed to re-examine the effect of this refining process on the removal of Fe and Ti by revising the calculation of the segregation ratios or by carrying out further experiments.
Conclusions
Growth of Si crystals from a Si-55.3 at% Al melt was investigated with the aim of developing a new Si refining process for SOG-Si production. Si crystals were grown by directional solidification of the Si-Al melt. The temperature at the bottom of sample was controlled from 1273 K (the alloy's liquidus temperature) to 1173 K. With appropriate experimental conditions, the Si crystal, whose interface with the Si-Al alloy was flat, could be obtained with the absence of the melt remnant in the crystal. On the other hand, a significant entrapment of the melt was found when the crystal-melt interface was rough. The crystal growth in the sample with a flat crystal-melt interface was controlled by the diffusion of Si. The Al content of the Si crystals could be decreased to the level of the solid solubility of Al in Si by controlling the crystal growth conditions, and other impurity elements could be removed efficiently by this refining method. 
